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FOREWORD
The U.S. Geological Survey (USGS) is committed to serve the Nation with accurate and timely scientific information that helps enhance and protect the overall quality of life, and facilitates effective management of water, biological, energy, and mineral resources. (http://www.usgs.gov/). Information on the quality of the Nation's water resources is of critical interest to the USGS because it is so integrally linked to the long-term availability of water that is clean and safe for drinking and recreation and that is suitable for industry, irrigation, and habitat for fish and wildlife. Escalating population growth and increasing demands for the multiple water uses make water availability, now measured in terms of quantity and quality, even more critical to the long-term sustainability of our communities and ecosystems.
The USGS implemented the National Water-Quality Assessment (NAWQA) Program to support national, regional, and local information needs and decisions related to water-quality management and policy. (http://water.usgs.gov/nawqa/). Shaped by and coordinated with ongoing efforts of other Federal, State, and local agencies, the NAWQA Program is designed to answer: What is the condition of our Nation's streams and ground water? How are the conditions changing over time? How do natural features and human activities affect the quality of streams and ground water, and where are those effects most pronounced? By combining information on water chemistry, physical characteristics, stream habitat, and aquatic life, the NAWQA Program aims to provide science-based insights for current and emerging water issues and priorities. NAWQA results can contribute to informed decisions that result in practical and effective water-resource management and strategies that protect and restore water quality.
Since 1991, the NAWQA Program has implemented interdisciplinary assessments in more than 50 of the Nation's most important river basins and aquifers, referred to as Study Units. (http://water.usgs.gov/nawqa/ nawqamap.html). Collectively, these Study Units account for more than 60 percent of the overall water use and population served by public water supply, and are representative of the Nation's major hydrologic landscapes, priority ecological resources, and agricultural, urban, and natural sources of contamination.
Each assessment is guided by a nationally consistent study design and methods of sampling and analysis. The assessments thereby build local knowledge about waterquality issues and trends in a particular stream or aquifer while providing an understanding of how and why water quality varies regionally and nationally. The consistent, multi-scale approach helps to determine if certain types of water-quality issues are isolated or pervasive, and allows direct comparisons of how human activities and natural processes affect water quality and ecological health in the Nation's diverse geographic and environmental settings. Comprehensive assessments on pesticides, nutrients, volatile organic compounds, trace metals, and aquatic ecology are developed at the national scale through comparative analysis of the Study-Unit findings. (http://water.usgs.gov/nawqa/natsyn.html).
The USGS places high value on the communication and dissemination of credible, timely, and relevant science so that the most recent and available knowledge about water resources can be applied in management and policy decisions. We hope this NAWQA publication will provide you the needed insights and information to meet your needs, and thereby foster increased awareness and involvement in the protection and restoration of our Nation's waters.
The NAWQA Program recognizes that a national assessment by a single program cannot address all waterresource issues of interest. External coordination at all levels is critical for a fully integrated understanding of watersheds and for cost-effective management, regulation, and conservation of our Nation's water resources. The Program, therefore, depends extensively on the advice, cooperation, and information from other Federal, State, interstate, Tribal, and local agencies, nongovernment organizations, industry, academia, and other stakeholder groups. The assistance and suggestions of all are greatly appreciated. 
YRB
Yellowstone River Basin ranged from 1 to 2,800 col/100 mL for 97 samples. Fecal-coliform concentrations exceeded the U.S. Environmental Protection Agency's recommended limit for a single sample for recreational contact with water in 37.0 percent of the samples. Escherichia coli concentrations exceeded the U.S. Environmental Protection Agency's recommended limit for a single sample for moderate use, full-body recreational contact with water in 38.1 percent of the samples and the recommended limit for infrequent use, full-body recreational contact with water in 24.7 percent of the samples.
Fecal-indicator-bacteria concentrations varied by basin. Samples from the Bighorn River Basin had the highest median concentrations for fecal coliform of 340 col/100 mL and for Escherichia coli of 300 col/100 mL. Samples from the Wind River Basin had the lowest median concentrations for fecal coliform of 50 col/100 mL and for Escherichia coli of 62 col/100 mL.
Fecal-indicator-bacteria concentrations varied by land cover. Samples from sites with an urban land cover had the highest median concentrations for fecal coliform of 540 col/100 mL and for Escherichia coli of 420 col/100 mL. Maximum concentrations for fecal coliform of 3,000 col/100 mL and for Escherichia coli of 2,800 col/100 mL were in samples from sites with an agricultural land cover. The lowest median concentrations for fecal coliform of 130 col/100 mL and for Escherichia coli of 67 col/100 mL were for samples from sites with a forested land cover.
A strong and positive relation existed between fecal coliform and Escherichia coli (Spearman's Rho value of 0.976). The majority of the fecal coliforms were Escherichia coli during the synoptic study. Fecal-indicator-bacteria concentrations were not correlated to streamflow, water temperature, dissolved oxygen, pH, specific conductance, and alkalinity. Fecal-indicator-bacteria concentrations were moderately correlated with turbidity (Spearman's Rho values of 0.662 and 0.640 for fecal coliform and Escherichia coli, respectively) and sediment (Spearman's Rho values of 0.628 and 0.636 for fecal coliform and Escherichia coli, respectively).
Escherichia coli isolates analyzed by discriminant analysis of ribotype patterns for samples from the Bighorn River at Basin, Wyoming, and Bitter Creek near Garland, Wyoming, in the Bighorn River Basin were determined to be from nonhuman and human sources. Using a confidence interval of 90 percent, more of the isolates from both sites were classified as being from nonhuman than human sources; however, both samples had additional isolates that were classified as unknown sources.
INTRODUCTION
In 1991, the U.S. Geological Survey (USGS) began full implementation of the National WaterQuality Assessment (NAWQA) Program. The objectives of the NAWQA Program are to: 1) describe current water-quality conditions for a large part of the Nation's freshwater streams and aquifers; 2) describe how water quality is changing over time; and 3) improve our understanding of the primary natural and human factors that affect water-quality conditions. In order to achieve these objectives, over 50 Study Units containing important river basins and aquifer systems were selected that represent diverse hydrogeologic settings and over 60 percent of the national water use and population.
The Yellowstone River Basin (YRB) was selected to be one of these NAWQA Study Units. The YRB Study Unit consists of the 182,000 km 2 (square kilometers) area that is drained by the Yellowstone River and its tributaries, including the Clarks Fork Yellowstone, Wind/Bighorn, Tongue, and Powder Rivers. Of the total area, 51 percent is in Montana, 48 percent is in Wyoming, and 1 percent is in North Dakota (Miller and Quinn, 1997) . Activities by the NAWQA Program in the YRB Study Unit began in 1997. A 3-year intensive data-collection period during 1999-2001 included the collection of ground-water, stream-water, and biological data.
The NAWQA Program assesses stream quality based on water-column chemistry, bed sediment and fish tissue, and ecological studies. Water-column chemistry of the YRB was assessed using a fixed-site network that included sampling for a wide range of constituents with a high sampling frequency at a limited number of sites and synoptic studies that targeted selected constituents with a low sampling frequency at a large number of sites. A synoptic study to determine the distribution of fecal-indicator bacteria was conducted at 100 sites in three basins in the YRB in Wyoming-the Wind River, the Bighorn River, and the Goose Creek Basins ( fig. 1 ). These basins were selected for study because of the known presence of fecal-indicator bacteria. Each site was sampled once during June-July, 2000.
Background
Fecal-indicator bacteria, including total coliform, fecal coliform, Escherichia coli (E. coli), fecal streptococci, and enterococci, are used to assess the sanitary quality of water because their presence can be an indication that contamination by fecal material has occurred. Fecal contamination can be from point or nonpoint sources. The primary point source of bacterial contamination is sewage treatment outfalls. Nonpoint sources are diffuse in nature and include: 1) agricultural-animal waste, application of manure to fields, crop irrigation from contaminated storage ponds; 2) urban/residential-failed septic systems, pet waste, landfill leakage; 3) recreational-direct discharge of sewage or waste; and 4) wildlife waste (Wilhelm and Maluk, 1998) .
Fecal-indicator bacteria do not necessarily cause illness themselves; however, they are found in association with pathogens. Large levels of fecal-indicator bacteria indicate the possible presence of pathogens that cause such waterborne diseases as gastroenteritis and bacillary dysentery, typhoid fever, and cholera (Myers and Sylvester, 1997) . Pathogens can pose a health risk even at low concentrations. Because of the difficulties in analyzing for the actual pathogens, fecalindicator bacteria are widely used to assess the potential for their presence.
Fecal coliforms commonly are used as the fecalindicator bacteria for determining the sanitary conditions of recreational waters. Fecal coliforms are defined as the subgroup of total coliforms able to ferment lactose with the production of gas in 24 hours at an incubation temperature of 44.5 o C (Dufour, 1977) . Despite their name, at least one member of the fecalcoliform group, Klebsiella, has non-fecal sources, including pulp and paper mill effluents, textile processing plant effluents, cotton mill wastewaters, and sugar beet wastes (U.S. Environmental Protection Agency, 1986). The presence of E. coli in recreational waters is direct evidence that fecal contamination from humans or other warm-blooded animals has occurred (Dufour, 1977; Cabelli, 1977) .
The presence of fecal-indicator bacteria, primarily fecal coliform, has been documented in the Wind River, Bighorn River, and Goose Creek Basins of the YRB. In the Wind River Basin, fecal-coliform concentrations greater than 400 col/100 mL (colonies per (Wenzel, 1984) . The study cited the Powell Sewage Treatment Plant and small private wastewater systems with inadequate construction as sources contributing bacteria to Bitter Creek. A water-quality assessment study by the Sheridan County Conservation District during 1996 to 1999 found fecal-coliform concentrations that exceeded water-quality criteria in the Tongue River drainage near Goose Creek. The concentrations exceeded water-quality criteria more often during the recreational season (May 1 to September 30) than during the non-recreational season (Sheridan County Conservation District, 2000) .
The presence and distribution of fecal-indicator bacteria has been related to land-cover characteristics in other study areas. Embrey (1992) determined fecalindicator-bacteria concentrations were higher in agricultural and urban settings compared to rangeland and forested settings in the Yakima River Basin, Washington. For streams in North and South Carolina, Wilhelm and Maluk (1998) found that maximum fecalindicator-bacteria concentrations were within agricultural areas, whereas the highest median concentrations were within urban areas. A study of the distribution of fecal-indicator bacteria along a gradient of residential development in Alaska found urban areas served by sewer systems had significantly higher concentrations than rural areas served by septic systems; however, differences due to variability in population density could not be distinguished (Frenzel and Couvillion, 2002) . Cattle grazing has been linked to the presence of fecalindicator bacteria in agricultural (Howell and others, 1995) and rangeland settings (Jawson and others, 1982; Sherer and others, 1988; Stephenson and Street, 1978) .
Need exists to distinguish between fecal-indicator bacteria associated with human waste as opposed to other warm-blooded animal waste because human fecal wastes represent a greater risk with regard to recreational water quality (Cabelli, 1977) . Human feces more readily carry enteric pathogens that infect humans, including Salmonella spp., Shigella spp., hepatitis A virus, and Norwalk group viruses, compared to nonhuman feces (Parveen and others, 1999) . However, agricultural animals also may carry pathogens that are harmful to humans, including E. coli 0157:H7, Salmonella spp., and Shigella spp. (Dombek and others, 2000) . Most basins have multiple host sources, including humans, pets, agricultural animals, and wildlife.
Historically, a common field technique for differentiating sources of fecal pollution was based on ratios of fecal coliform to fecal streptococci; a ratio of greater than or equal to 4.0 was used to indicate a human source and a ratio less than or equal to 0.7 was used to indicate a nonhuman source of fecal material (Geldreich and Kenner, 1969) . A later study found the source of contamination could not be determined using this technique because the ratio was not constant for samples from the same origin, and the fecal streptococci test was too general (Pourcher and others, 1991) . More recent work describes newer techniques for microbial source tracking. For example, a field study in Puget Sound reported different serotypes of RNA coliphages for different fecal sources. Samples from streams in a predominantly urban area were serotyped as implicating human sources, whereas samples from streams in a rural and agricultural area were serotyped as implicating nonhumans (Embrey, 2001) . Antibiotic resistance analysis is another technique used to identify sources of bacteria. Because antibiotics are so widely used in human and agricultural animals, bacteria from these sources develop different patterns of resistance. One method of antibiotic resistance analysis uses fecal streptococci to differentiate fecal sources (Wiggins, 1996; Wiggins and others, 1999) . A field study using this method found that the fecal streptococci were from cattle sources in greater than 78 percent of the isolates (Hagedorn and others, 1999) . Other contributions were from waterfowl, deer, and unknown sources. Another method of antibiotic resistance analysis uses E. coli to differentiate fecal sources. A field study of E. coli isolates from Apalachicola Bay found that E. coli from point sources showed greater antibiotic resistance than isolates from nonpoint sources, indicating human and nonhuman sources, respectively (Parveen and others, 1997) . Two DNA methods for differentiating E. coli sources are rep-PCR DNA fingerprinting (Dombek and others, 2000) and discriminant analysis of ribotype patterns (Parveen and others, 1999; Carson and others, 2001) . A field study in Grand Teton National Park in western Wyoming found that isolated colonies of E. coli from a stream in the Park contained ribotype patterns that matched avian, deer, canine, elk, rodent, and human sources (Farag and others, 2001 ).
Purpose and Scope
This report describes a synoptic study conducted in the Wind River, Bighorn River, and Goose Creek Basins of the YRB in Wyoming during June-July 2000. The objectives of this report are to:
1. Describe the distribution of fecal-indicator bacteria in the Wind River, Bighorn River, and Goose Creek Basins. 2. Describe the distribution of fecal-indicator bacteria as it relates to land cover. 3. Describe the relation between E. coli and fecal coliform. 4. Describe the relations between fecal-indicator bacteria and other water-quality constituents. 5. Present results for E. coli samples that were analyzed using a microbial source-tracking method.
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ENVIRONMENTAL SETTING
The Wind River and Bighorn River compose a large part of the YRB in Wyoming. The drainage area for the Wind River Basin covers about 20,300 km 2 before the river changes name to the Bighorn River at the "Wedding of the Waters." The drainage area for the Bighorn River Basin above Bighorn Lake at Kane, Wyo. is the largest of the three basins in the synoptic study and covers about 40,800 km 2 , which includes the area drained by the Wind River. The Shoshone River Basin at Kane, Wyo., also part of the Bighorn River Basin above Bighorn Lake, drains an additional 7,740 km 2 . Goose Creek is tributary to the Tongue River in the eastern drainage area of the YRB. The Goose Creek Basin is a small basin and covers about 1,060 km 2 at Acme, Wyo.
The Wind River, Bighorn River, and Goose Creek Basins all have the same general physiography of high mountains and lowland basins. The Bighorn River Basin and parts of the Wind River and Goose Creek Basins are part of the Middle Rocky Mountains province. Lowland basins of the Wind River Basin are part of the Wyoming Basin province, and lowlands of the Goose Creek Basin are part of the Unglaciated Missouri Plateau section (Zelt and others, 1999) . All three basins are geologically similar, with Precambrian rocks at the center of the high mountains that are flanked by Paleozoic and Mesozoic sedimentary rocks. Tertiary rocks, partially overlain by Quaternary alluvium, are typical of the lowland basins. In the Wind and Bighorn River Basins, Eocene rocks associated with the Absaroka volcanic field also are present (Zelt and others, 1999 The distribution of the land cover for the basins was determined using the National Land Cover Data (NLCD), a 30-meter resolution, raster-based dataset. Details of the NLCD land-cover classification process are discussed in Vogelmann, Sohl, Campbell, and Shaw (1998) and Vogelmann, Sohl, and Howard (1998) . The land-cover classifications in the synopticstudy basins included: water (open water, snow/ice), developed (residential, commercial, industrial, transportation) , barren (bare rock/sand/clay, quarries/strip mines/pits, transitional), forested upland (deciduous, evergreen and mixed forest), shrubland, herbaceous upland natural/semi-natural vegetation (grasslands/ herbaceous), herbaceous planted/cultivated (pasture/ hay, row crops, small grains, fallow, urban and recreation grasses), and wetland (woody wetlands, emergent herbaceous wetlands).
The distributions of land cover in the Wind and Bighorn River Basins are similar; the Goose Creek Basin has a higher percentage of forested upland and less shrubland ( fig. 2) . Land cover in the Wind River Basin includes: shrubland (62 percent), herbaceous upland natural/semi-natural vegetation (21 percent), forested upland (10 percent), and herbaceous planted/ cultivated (4 percent). Water, developed, barren, and wetland land covers each overlie one percent or less of the area in the Wind River Basin. Land cover in the Bighorn River Basin includes: shrubland (52 percent), herbaceous upland natural/semi-natural vegetation (27 percent), forested upland (15 percent), and herbaceous planted/cultivated (4 percent). Water, developed, barren, and wetland land covers each overlie less than one percent of the area in the Bighorn River Basin. Land cover in the Goose Creek Basin includes: forested upland (41 percent), herbaceous upland natural/ semi-natural vegetation (35 percent), herbaceous planted/cultivated (15 percent), shrubland (5 percent), and wetland (2 percent). Water, developed, and barren land covers each overlie one percent or less of the area in the Goose Creek Basin. 
SAMPLING SITES AND METHODS
Sampling sites were selected based on land cover, site access, presence of an existing or historical stream gage, and input from local agencies. Twenty-three sites were sampled along the Wind River, Little Wind River, and selected tributaries ( fig. 3 ), 53 sites were sampled along the Bighorn River, Shoshone River, and selected tributaries ( fig. 4) , and 24 sites were sampled along Big Goose Creek, Little Goose Creek, Goose Creek, and selected tributaries ( fig. 5 ). Map numbers, USGS site numbers, and site names for sites in all three basins are listed in table 2.
Methods used during field measurements, sample collection, and fecal-indicator-bacteria sample processing are described in the following sections. Methods used during data analysis, including comparisons to water-quality criteria, land-cover classification for sites, and statistical analysis, and microbial source-tracking methods also are described.
Field Measurements and Sample Collection
Measurements of standard NAWQA field waterquality constituents were made during the samplecollection visits of the synoptic study. Standard methods for sample collection and field measurements of water-quality constituents are described in the National Field Manual for the Collection of Water-Quality Data (U.S. Geological Survey, 1997 Survey, to 2002 . Streamflow was measured using the methods described in Rantz and others (1982) during the sample-collection visit when a stream gage did not exist. Streamflow for sites with gages were either measured or computed from stagestreamflow ratings. Most of the streams for this synoptic study were wadeable, and samples were collected using a DH-81 sampler and equal-width-integrating sampling techniques in order to cross-sectionally composite the samples. For non-wadeable streams, samples were collected with a D-95 sampler, and multiplevertical sampling techniques were used if an acceptable bridge or cableway existed. Samples from a few sites were collected using a hand-dip method because the sites either were too shallow for a sampler or did not have an acceptable bridge or cableway.
Air temperature, water temperature, and dissolved oxygen were measured on-site at the time of sample collection. Cross-sectionally composited samples were used for measurements of pH, specific conductance, turbidity, and filtered alkalinity. Specific conductance and pH were determined using electronic meters. Turbidity was measured using a Hach 2100P portable field turbidimeter, sensitive to 1,000 NTU (nephelometric turbid-ity units). Alkalinity samples were filtered through a 0.45-micrometer plate filter and titrated with an inflection-point method using incremental additions of sulfuric acid. Two deviations from standard procedures for pH, specific conductance, turbidity, and filtered alkalinity were necessary because of the scale of the synoptic study: 1) samples were prepared and analyzed for these constituents at a central field laboratory as quickly as possible after collection rather than on site, and 2) constituents were not determined in triplicate because sample volumes were limited. Suspendedsediment samples were cross-sectionally composited and sent to the sediment laboratory at the USGS Montana District office for analysis (Lambing and Dodge, 1993) .
Sterile conditions are required for the collection, preservation, and storage of samples for fecal-indicator bacteria. Details on methods used for agar preparation and fecal-indicator-bacteria processing are described in Myers and Sylvester (1997) and U.S. Environmental Protection Agency (2000). To help minimize analytical variability, all samples were processed using the same equipment and same person at a central field laboratory. Multiple aliquots of stream water (generally 3 mL (milliliters), 10 mL, 30 mL, and 100 mL) were processed through the membrane filters to increase the likelihood of an ideal enumeration. Enumeration methods are described in Myers and Sylvester (1997) . Fecalindicator-bacteria concentrations are listed as 'E' for estimated, with a qualifier 'k' when counts were outside the ideal range of 20 to 60 colonies for fecal coliform or 20 to 80 colonies for E. coli. A few concentrations are listed as 'E' for estimated, without the non-ideal colony count qualification because only a partial plate was readable. Waters with large sediment concentrations or poorly formed colonies can result in a plate that is unreadable or only partially readable. E. coli concentrations are not listed for three sites because the entire plate was unreadable and an estimate could not be made.
Quality-control samples, including blanks and replicates, were collected during the synoptic study. Sampling equipment blanks, membrane-filtration equipment blanks, and membrane-filtration procedure blanks were processed with sterile water to determine if contamination occurred during the sample collection or processing. Sampling equipment blanks were processed for each sampler bottle and nozzle. Membrane-filtration equipment blanks were processed for every sample before sample aliquots were processed to assure that the filtration equipment and buffer water were sterile. Membrane-filtration procedure blanks were processed after the filtration process to assure that the rinsing procedures used during sample processing were adequate. Generally, procedure blanks are processed at least every fourth sample (Francy and others, 2000) . Twenty-five percent of samples were processed with the procedure blanks, although not necessarily after every fourth sample due to the large number of samples and limitations on incubator space at a given time.
Replicate samples were analyzed to determine variability of fecal-indicator-bacteria concentrations resulting from sample processing procedures. The equation used for determining the relative percent difference (RPD) between the environmental sample and the replicate samples is:
Replicate samples were processed from the same bottle as the environmental sample.
Data Analysis
Data in this report are compared to water-quality criteria for assessing relative magnitude of fecalindicator-bacteria concentrations. During 2000, the State of Wyoming used fecal-coliform water-quality criteria for assessing sanitary water quality based on the criteria recommended in 1976 by the U.S. Environmental Protection Agency (EPA) (U.S. Environmental Protection Agency, 1976). The State of Wyoming criteria for fecal coliform for a water body are not a single number but are based on multiple samples, the class of water, time of year, and location relative to sewage treatment outfalls (Wyoming Department of Environmental Quality, 1990). Historically, EPA studies determined that statistically significant swimming-associated gastrointestinal illness may occur when concentrations of fecal coliform are greater than 400 col/100 mL for a single sample (U.S. Environmental Protection Agency, 1976).
E. coli was determined to have a stronger relation to swimming-associated gastrointestinal illness than fecal coliform and, as such, was determined to be a better fecal-indicator bacteria for monitoring recreational
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Figure 3. Location of sampling sites in the Wind River Basin, Wyoming, July 2000. waters (Dufour, 1984; U.S. Environmental Protection Agency, 1986 ). The EPA recommends four different limits for E. coli concentrations for a single sample, depending on the degree of exposure with the source waters. The recommended limits for E. coli for a single sample defined in the EPA study are: 235 col/100 mL for designated beach areas, 298 col/100 mL for moderate use, full-body recreational contact, 406 col/100 mL for light use, full-body recreational contact, and 576 col/100 mL for infrequent use, full-body recreational contact. The E. coli limit for designated beach areas was not used in this report because none of the synoptic-study sites were at designated beaches.
In the assessment of fecal-indicator bacteria by basin, the population densities of humans and livestock, which are sources for fecal contamination, were determined. Human population densities for basins were estimated from the 2000 county census data (U.S. Census Bureau, 2002) . Livestock population densities (including cattle, cows, milk cows, and breeding sheep) were estimated from the Wyoming Agricultural Statistics Service county data for 2000 (Wyoming Agricultural Statistics Service, 2002) . Fremont County data were used to estimate the Wind River Basin, and Hot Springs, Washakie, Bighorn and Park Counties data were used to estimate the Bighorn River Basin. The Goose Creek Basin is about 16 percent of the area of Sheridan County. Human population for the Goose Creek Basin was estimated by using populations for individual towns in the Goose Creek Basin and about 16 percent of the rural population of the basin. For livestock, 16 percent of the county livestock populations were assumed to be in the Goose Creek Basin.
For the purposes of data analysis in this report, land-cover classifications were combined or renamed and a single land-cover attribute was assigned to each sampling site. The forested upland land-cover classification is termed "forested," shrubland and herbaceous upland natural/semi-natural vegetation land-cover classifications were combined and are termed "rangeland," the herbaceous planted/cultivated land-cover classification is termed "agricultural," and the developed landcover classification is termed "urban." The urban and recreational grasses, which are classified in the NLCD as herbaceous planted/cultivated land cover, comprised 1 percent or less of the agricultural classification in the Wind and Bighorn River Basins and about 2 percent in the Goose Creek Basin. Although urban and recreational grasses are not actually agricultural cover, they were not considered to be a significant enough component of the land cover to warrant a separate classification.
Land cover for the drainage area upstream from most sampling sites included more than a single landcover classification. To determine the land-cover designation for each sampling site, a 500-meter buffer was established around each point using a geographic information system. The land cover with the highest percentage of area within the buffer and upstream from the site was assigned as the land-cover attribute for the sampling site. It is important to note that land-cover areas cannot be completely separated, and adjacent upstream land covers may affect the water quality of a downstream reach.
Data in this report are summarized using boxplots and nonparametric statistics. For boxplots, the lower and upper edges of the box indicate the 25 th and 75 th percentiles, respectively. The median is a line within the box, and whiskers extend to the 10 th and 90 th percentiles. Values outside the 10 th and 90 th percentiles are shown as individual points. Nonparametric statistical techniques were used to test for correlations and statistical differences between data sets because the fecal-indicator-bacteria data were not normally distributed. Spearman's correlation coefficient (Spearman's Rho) was used to measure the strength and direction of the relation between variables (Helsel and Hirsch, 1995) . The coefficient is determined using linear correlation of ranks of the data values instead of actual data values and is resistant to the effects of outliers. Spearman's Rho values range between -1 and +1; a negative value indicates an inverse relation between the data ranks. Two tests were used for testing statistical differences between data sets. The Wilcoxon rank-sum test was used to compare two groups, and the KruskalWallis test was used for more than two groups. For both tests, data ranks are used rather than actual data values to reduce the effect of outliers. In the most general form, the Wilcoxon rank-sum test determines whether the two distributions of ranked data are similar. Likewise, the Kruskal-Wallis test determines whether three or more groups of ranked data have similar distributions or at least one group differs in its distribution (Helsel and Hirsch, 1995) . Statistical significance was determined using a 95 percent confidence level (alpha=0.05) for both tests.
Microbial Source Tracking
A microbial source-tracking method using discriminant analysis of ribotype patterns, performed at the University of Missouri in Columbia, Mo. (Carson and others, 2001) , was selected to be tested at two sites from the synoptic-study area where fecal-indicator bacteria were known to exist in the basins. Raw water samples were collected from two sites and shipped on ice overnight to the University of Missouri. At the time of this study, the method was still under development, and the results of this sampling are considered experimental data. In general terms, individual colonies are isolated from the water samples and cultured. DNA is extracted from each isolate culture and the concentration is measured. The DNA is blotted from gels onto nylon membranes. Ribotype patterns are captured for computer analysis by placement on a flatbed scanner, and patterns of bands are converted to a line diagram and DNAfragment sizes are assigned. Discriminant analysis is performed to compare the presence or absence and number of bands in a given segment. Patterns are compared against a library of patterns for known isolates. A detailed description of the method steps, including the E. coli culturing, DNA extraction, southern blot analysis, probe preparation, hybridization, and the statistical analysis, is contained in Parveen and others (1999) and Carson and others (2001) .
The discriminant analysis technique used to determine sources can analyze patterns as: 1) human or nonhuman, or as 2) human and individual animal host classes. The average rate of correct classification reported for the method for known human and nonhuman isolates was 97 percent by Carson and others (2001) . Rates of correct classification for up to eight individual host classes for known-host sources ranged between 49 and 96 percent (Carson and others, 2001) . For this report, isolates were classified as human and nonhuman because of the higher average rate of correct classification. The method testing and average rate of correct classification was performed with known sources for isolates, whereas the synoptic-study samples had unknown sources for isolates.
SYNOPTIC-STUDY RESULTS
The synoptic sampling of 100 sites in the Wind River, Bighorn River, and Goose Creek Basins was conducted during June and July 2000. Fecal-indicatorbacteria concentrations and measurements of other water-quality constituents are presented in 
Sampling Conditions
Because each synoptic sample represents only one point in time for each site, it is important to put the synoptic sampling conditions in some context relative to the hydrologic regime and historical data. In an attempt to reduce the hydrologic variability within the study, samples were collected at the 100 sites during a short period of time, between June 27, 2000 and July 20, 2000. The June-July time period was selected because human exposure to pathogens through recreational contact with water is highest during the summer months. 17) is shown rather than the hydrograph for the site below the reservoir (site 23) because of the regulated conditions directly below the reservoir. The synoptic sampling was conducted after snowmelt runoff that occurred in late May and early June in each basin had subsided. In the plains, some of the smaller tributaries that experience an earlier runoff were at or near low-flow conditions. Streamflows in the basins may be affected by irrigation diversions, return flows, or reservoirs upstream that alter the natural hydrologic regime. The synoptic approach used in this study for determining the distribution of fecal-indicator bacteria has limitations for data interpretations owing to the variable nature of sources and transport processes of fecalindicator bacteria. The data from the synoptic study represent only a 'snapshot' in time. However, fecal coliform historically have been collected at selected sites within the Wind River Basin (2 sites), Bighorn River Basin (5 sites), and the Goose Creek Basin (3 sites) as part of other monitoring programs. Fecal-coliform concentrations for samples from the synoptic study are summarized with historical data from 1991-2000 to illustrate how the synoptic-study concentrations compare to historical data ( fig. 7) . The period of record is summarized for each site in table 4.
Fecal-coliform concentrations of synoptic samples generally were between the 50 th to 75 th percentiles of the historical data ( fig. 7) . The fecal-coliform concentrations for synoptic samples on the Little Wind River near Riverton, Wyo. (site 16) and the Bighorn River at Lucerne, Wyo. (site 31) were below the historic medians for those sites. For two sites in the Bighorn River Basin, Bighorn River at Basin, Wyo. (site 52) and Bitter Creek near Garland, Wyo. (site 71), the fecal-coliform concentrations for the synoptic samples were greater than the 75 th percentile of the historical data for those sites.
Quality-Control Samples
No colonies of fecal coliform or E. coli were detected in the eight equipment blanks that were processed for each sampler bottle and nozzle. No bacteria colonies were detected in the 200 membrane-filtration equipment blanks that were processed for fecal coliform or E. coli. No colonies were detected in 50 procedure blanks for fecal coliform or E. coli.
Seventeen replicate samples are reported for fecal coliform and six are reported for E. coli. Fewer E. coli replicates are reported because some of the plates for the replicates were unreadable. The RPD for the replicate samples are listed in table 5. The mean and median RPD for fecal-coliform replicates (n=17) were about 13 percent. The mean RPD for E. coli replicates (n=6) was 25.4 percent, and the median RPD was 14.5 percent. This indicates that there may be more variability about the E. coli replicates than the fecalcoliform replicates; however, the sample size was smaller for the E. coli replicates, which can increase apparent variability. The variability in replicate data explains, in part, why the E. coli concentration exceeds the fecal-coliform concentration in some samples. 
River, Bighorn River, and Goose Creek basins, Wyoming, June-July 2000--Continued
Distribution of Fecal-Indicator Bacteria by Basin
Median concentrations of fecal-indicator bacteria varied among basins ( fig. 8) . The lowest median concentrations of fecal coliform (50 col/100 mL) and E. coli (62 col/100 mL) were for samples in the Wind River Basin. The highest median concentrations of fecal coliform (340 col/100 mL) and E. coli (300 col/100 mL) were for samples in the Bighorn River Basin. For samples in the Goose Creek Basin, the median concentration of fecal coliform was 330 col/100 mL, and the median concentration of E. coli was 200 col/100 mL.
Results of the Kruskal-Wallis test indicate a significant difference in fecal-coliform concentrations (p-value =0.003) and E. coli concentrations (p-value =0.001) between basins at a 95 percent confidence level. A Wilcoxon rank-sum test was run between each pair of basins to determine which distributions were different. The fecal-coliform (p-value =0.35) and the E. coli (p-value =0.193) concentrations in the Bighorn River and Goose Creek Basins were not significantly different from each other. The concentrations of fecal-indicator bacteria in the Wind River Basin were statistically different from those in the Bighorn River (p-value for fecal coliform =0.002; p-value for E. coli =0.001) and Goose Creek Basins (p-value for fecal coliform =0.008; p-value for E. coli =0.014). Most samples in the Wind River Basin had fecal-indicator-bacteria concentrations that were less than the median concentrations in the Bighorn River or Goose Creek Basins ( fig. 8 ).
Because the synoptic samples represent the conditions at only one point in time, the reason for the lower concentrations in the Wind River Basin during this study could not be determined. In 2000, stream reaches in the Bighorn River and Goose Creek Basins were listed by the State of Wyoming for fecal-coliform impairments, whereas reaches in the Wind River Basin were not listed (Wyoming Department of Environmental Quality, 2000) . The variation in fecal-indicator bacteria between basins is not directly related to the populations of livestock and humans in the basins. The population densities of humans and livestock were not higher in the Bighorn River Basin when compared to the Wind River Basin (table 6). Human and livestock population densities were substantially higher in the Goose Creek Basin than in the other two basins. The overall basin density does not take into account, however, the distribution of people and livestock relative to their actual proximity to riparian areas. Fecal-indicator-bacteria concentrations exceeded the EPA's recommended limits for a single sample for recreational contact with water for a percentage of samples collected from all three basins (table 7) . The Bighorn River Basin had the highest percentage of samples (49.1 percent) with fecal-coliform concentrations higher than the recommended limit of 400 col/100 mL. Concentrations of fecal coliform in the Goose Creek Basin exceeded the recommended limit in 37.5 percent of the samples. Concentrations of fecal coliform in the Wind River Basin exceeded the recommended limit in 8.7 percent of the samples. In this report, the EPA recommended limit of 400 col/100 mL for fecal coliform is used for comparison purposes, but does not necessarily represent a violation of the State of Wyoming waterquality criteria.
E. coli concentrations exceeded the EPA recommended limit for a single sample for moderate use, fullbody recreational contact of 298 col/100 mL in 50.9 percent of the samples from the Bighorn River Basin compared to 33.3 percent in the Goose Creek Basin and 13.0 percent in the Wind River Basin. In the Bighorn River Basin, E. coli concentrations exceeded the EPA recommended limit for a single sample for infrequent use, full-body recreational contact of 576 col/100 mL in 37.7 percent of samples compared to 14.3 percent in the Goose Creek Basin and 4.3 percent in the Wind River Basin. E. coli concentrations of the synoptic-study samples are compared to the EPA recommended limits, but do not represent violations of water-quality criteria because the E. coli limits had not been adopted by the State of Wyoming as of 2000.
Wind River Basin
The synoptic sampling of the 23 sites in the Wind River Basin was conducted July 10-13, 2000. Seven sites on the mainstem of the Wind River and 16 tributary sites were sampled ( fig. 9 ). Fecal-coliform concentrations for 23 samples ranged from 2 col/100 mL for the (Middle) Popo Agie River below the Sinks, near Lander, Wyo. (site 10) and the Wind River below Boysen Reservoir, Wyo. (site 23) to 2,000 col/100 mL for Poison Creek near Shoshoni, Wyo. (site 20). E. coli concentrations for 23 samples ranged from 1 col/100 mL (site 10 and site 23) to 2,300 col/100 mL (site 20) (fig. 9 ).
Fecal-coliform concentrations for the seven sites on the mainstem of the Wind River ranged from 2 col/100 mL below Boysen Reservoir, Wyo. (site 23) to 160 col/100 mL near Dubois, Wyo. (site 1). Bottom deposits in lakes or reservoirs can serve as a sink for fecal-indicator bacteria and prevent the bacteria from being transported in the overlying material (Geldreich, 1970) . However, the fecal-coliform concentration was relatively low (48 col/100 mL) in a sample from the Wind River above Boysen Reservoir, near Shoshoni, Wyo. (site 17) as well. E. coli concentrations ranged from 1 col/100 mL below Boysen Reservoir, Wyo. (site 23) to 160 col/100 mL on the Wind River above Red Creek, near Dubois, Wyo. (site 2). 
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Figure 9. Fecal-indicator-bacteria concentrations for samples collected in the Wind River Basin, Wyoming, July 2000.
Less than 1-30
Less than 1-30
Tributaries sampled in the Wind River Basin included: Crow Creek, South Fork of the Little Wind River, Little Wind River (3 sites), Middle Popo Agie River (2 sites), North Fork Popo Agie River, Little Popo Agie River, Popo Agie River (2 sites), Fivemile Creek (2 sites), Poison Creek , Badwater Creek, and Muddy Creek. For the 16 tributary sites, the lowest fecalcoliform concentration (2 col/100 mL ) and E. coli concentration (1 col/100 mL) occurred in a sample from the (Middle) Popo Agie River below the Sinks, near Lander, Wyo. (site 10). The highest concentration of fecal coli-form (2,000 col/100 mL ) and E. coli (2,300 col/100 mL) for the tributary sites occurred in a sample from Poison Creek near Shoshoni, Wyo. 
Bighorn River Basin
The synoptic sampling of the 53 sites in the Bighorn River Basin was conducted July 13-20, 2000. Thirteen sites on the mainstem of the Bighorn River and [col/100 mL, colonies per 100 milliliters; >, greater than] (2,200 col/100 mL) was in a sample from the Greybull River at its mouth at Greybull, Wyo. (site 57). A fecalcoliform concentration greater than 2,000 col/100 mL and the highest concentration of E. coli (greater than 2,000 col/100 mL) were in a sample from Dry Creek near Emblem, Wyo. (site 59).
Eight of the tributary sites in the Bighorn River Basin were in the Shoshone River Basin above Bighorn Lake. Tributaries sampled included: the South Fork Shoshone River, Shoshone River (3 sites), Bitter Creek, Whistle Creek, Foster Gulch, and Sage Creek. For these eight sites, the lowest concentrations of fecal coliform (9 col/100 mL) and E. coli (7 col/100 mL) were in a sample from the Shoshone River above Demaris Springs, near Cody, Wyo. (site 70). The sample from South Fork Shoshone River near Valley, Wyo. (site 69) also had an E. coli concentration of 7 col/100 mL. The highest concentrations of fecal coliform (3,000 col/100 mL) and E. coli (2,800 col/100 mL) in the Shoshone River Basin were in a sample from Foster Gulch near Lovell, Wyo. (site 74).
Sites in the Bighorn River Basin where concentrations exceeded at least one of the EPA's recommended limits for a single sample for recreational contact with water are listed in table 9. Concentrations of fecal coliform and E. coli exceeded the EPA recommended limits for recreational contact with water at 5 of the 13 sites on the mainstem of the Bighorn River in the reach from Worland, Wyo. (site 43) to Greybull, Wyo. (site 58). Concentrations of fecal coliform or E. coli exceeded the EPA's recommended limits for recreational contact with water in samples from 16 of the 26 tributaries sampled, including the mainstem of the Shoshone River (site 73 and site 76).
Goose Creek Basin
Synoptic sampling of the 24 sites in the Goose Creek Basin was conducted during June 27-29, 2000. Seven sites on Big Goose Creek, 8 sites on Little Goose Creek, 3 sites on Goose Creek, and 6 tributary sites were sampled. Fecal-coliform concentrations for 24 samples ranged from 10 col/100 mL for Little Goose Creek above Davis Creek, near Bighorn, Wyo. (site 88) to 1,500 col/100 mL for Soldier Creek on County Road 74, near Sheridan, Wyo. (site 97). E. coli concentrations for 21 samples ranged from 4 col/100 mL (site 88) to 800 col/100 mL (site 97) ( fig. 11) 
Distribution of Fecal-Indicator Bacteria by Land Cover
Synoptic-sampling sites were located in various land-cover settings of the YRB to assess the distribution of fecal-indicator bacteria as it related to land cover in the Wind River, Bighorn River, and Goose Creek Basins. Land-cover classes for the synoptic-study sites include: forested, rangeland, agricultural, and urban. The distribution of the land cover by basin is summarized in table 11. The fewest sites were in the forested land-cover classification because several of the sites initially selected to represent forested land-cover were actually classified in the NLCD as shrubland or herbaceous upland natural/semi-natural vegetation. Also, road conditions and driving times to remote forested areas made sampling sites in these areas prohibitive. Boxplots summarizing the statistical distribution of fecal-indicator-bacteria concentrations for each land cover are presented in figure 12 . The highest median concentrations of fecal coliform (540 col/100 mL) and E. coli (420 col/100 mL) for all samples were for sites with an urban land cover. The maximum concentrations of fecal coliform (3,000 col/100 mL) and E. coli ( 2,800 col/100 mL) for all samples were from sites with an agricultural land cover. The lowest median concentrations of fecal coliform (130 col/100 mL) and E. coli (67 col/100 mL) were for samples from sites with a forested land cover.
Results of a Kruskal-Wallis test indicate that the fecal-indicator-bacteria concentrations were not significantly different between land covers at a 95 percent confidence level for fecal-coliform concentrations (p-value =0.08) or E. coli concentrations (p-value=0.19). The median concentrations for sites with the forested and rangeland land cover were 2 to 3 times lower than the median concentrations for sites with agricultural and urban land covers; however, the variance of the fecalindicator-bacteria concentrations was fairly wide for each land-cover classification. This indicates that while streams in agricultural and urban areas may be more likely to have elevated fecal-indicator-bacteria, low and high concentrations may occur for any of the land-cover areas in these basins. In this study, the forested sites were located in basins with multiple uses, including recreational use and grazing, which are typical for Wyoming's forested basins. In 1974, a study in a forested basin in southern Wyoming found fecal-coliform concentrations were higher in basins with multiple uses compared to natural areas without these uses (Skinner and others, 1974) .
Relation of Esherichia coli to Fecal Coliform
The concentrations of fecal coliform and E. coli in samples during the synoptic study were comparable, indicating that historical fecal-coliform data generally will be a useful indicator of E. coli presence when the State of Wyoming transitions to E. coli criteria for waterquality monitoring in 2003 (C. Harnish, Wyoming Department of Environmental Quality, oral commun., 2002 . Relations between fecal coliform and E. coli for the Wind River, Bighorn River, and Goose Creek Basins, and for the combined data set are presented in figure 13 . Spearman's rank correlation shows a strong and positive correlation in each basin between fecal coliform and E. coli-varying only slightly between the basins. Spearman's Rho was 0.938 in the Wind River Basin, 0.981 in the Bighorn River Basin, 0.961 in the Goose Creek Basin, and 0.976 for the combined data set. For this analysis, data from sites on tributaries and mainstems were grouped together within a basin because sitespecific relations could not be determined with only one sample per site. The strong correlation between fecal coliform and E. coli for the pooled data sets does not ensure that the relation between them is the same for individual streams. Studies have found that regression equations derived to predict E. coli based on fecal coliform differ from site to site, due in part to differences in sources of bacteria (Francy and others, 1993) .
The lines on the scatter plots in figure 13 indicate where samples with an E. coli to fecal-coliform ratio of 0.5 and 1.0 would plot and where 50 to 100 percent of the fecal coliform would be in the form of E. coli. Most of the data plot between these lines, indicating that the majority of the fecal coliform were E. coli in the samples collected during the synoptic study. Data points that plot above the 1.0 line represent E. coli concentrations greater than the fecal-coliform concentrations. Because E. coli is a subset of fecal-coliform bacteria, these data reflect some of the variability about the fecal-indicatorbacteria concentrations seen in quality-assurance replicate samples. E. coli concentrations also may exceed fecal-coliform concentrations owing to differences in the processing method-the E. coli method uses a smaller filter pore size and has a resuscitation step that the fecalcoliform method does not have.
Relation of Fecal-Indicator Bacteria to WaterQuality Characteristics
Environmental conditions such as water characteristics affect the survival rate of fecal-indicator bacteria once they leave the digestive tract of warm-blooded animals. Selected physical water-quality characteristics were measured in the field and sediment samples were collected for analysis during the synoptic sampling in the Wind River, Bighorn River, and Goose Creek Basins to provide data on the environmental conditions. A wide range of stream settings was selected for the synoptic study, including large perennial streams that originate from mountainous sources and small intermittent streams that originate in the plains. The wide range of settings of the streams sampled for this study is reflected in the wide range of field measurement values (table 3). Spearman's rank correlation coefficient was used to determine the strength of the relation between the fecal-indicator bacteria and selected water-quality constituents for the pooled dataset of all samples (table 12) because site-specific relations were not possible with one data point. Fecal-indicator bacteria were poorly related to streamflow, water temperature, dissolved oxygen, pH, specific conductance, and alkalinity. The weak correlations for the pooled dataset probably are the result of the wide range of stream settings that were sampled. Other studies have shown that streamflow, in particular, can be an important factor controlling fecalindicator-bacteria concentrations at a stream site as bacteria can be carried to the stream with overland flow (Stephenson and Street, 1978; Elder, 1987; Hunter and others, 1992; Barbe´ and Francis, 1995; Myers and others, 1998; Baudart and others, 2000) .
Fecal-indicator bacteria and turbidity (Spearman's Rho values of 0.662 and 0.640 for fecal coliform and E. coli, respectively) and sediment (Spearman's Rho values of 0.628 and 0.636 for fecal coliform and E. coli, respectively) had moderate correlations, even given the wide range of stream settings that were sampled. The positive correlation of bacteria and solid particles canresult from overland flow carrying bacteria-laden sediment to streams (Hunter and others, 1992) or resuspension of sediment from the stream bottom, either by increased flows or human or animal traffic in the stream. Bacteria that are deposited with stream sediments can survive for extended periods in the protective environment of the sediment (Sherer and others, 1992) . Fecal-coliform concentrations that were 100 to 1,000 times greater than concentrations in the water column have been found in the associated sediments (Van Donsel and Geldreich, 1971) . No major storms producing significant amounts of overland flow on a large scale occurred during the synoptic study; however, isolated short storms locally may have contributed to fecal-indicator bacteria and turbidity or sediment concentrations at some sites.
Microbial Source Tracking
Determining the sources of fecal contamination in a basin can assist water managers in developing wasteload allocations, establishing best management practices, and assessing health risk presented by the contamination. Fecal-indicator bacteria are nearly always present at some level in Wyoming streams because sources for the bacteria exist in the basins. The presence of E. coli indicates the presence of fecal contamination from warm-blooded animals, but does not differentiate between host sources.
The two sites selected to test the DNA method using discriminant analysis of ribotypes for E. coli isolates were the Bighorn River at Basin, Wyo. (site 52) and Bitter Creek near Garland, Wyo. (site 71). Historical data from these sites include high fecal-indicatorbacteria concentrations. Both sites were listed as being impaired by fecal coliform for contact recreation in the Wyoming 305(b) water-quality assessment for 2000 (Wyoming Department of Environmental Quality, 2000) . Eight E. coli isolates were cultured for the Bighorn River at Basin, Wyo. (site 52) and seven isolates were cultured for Bitter Creek near Garland, Wyo. (site 71).
Source classifications for the isolates for the sample from the Bighorn River at Basin, Wyo. (site 52) and Bitter Creek near Garland, Wyo. (site 71) are presented in figure 14 . The source classification determinations are presented using three different confidence levels-70 percent, 80 percent, and 90 percent. The confidence level of 70 percent represents the case where there is a 30 percent probability that a classification determination is incorrect. The confidence level of 90 percent represents the case where there is a 10 percent probability that a classification determination is incorrect. Using the lower confidence levels results in fewer unknown determinations, but increases the chance of an incorrect classification.
Using a confidence level of 70 percent for the Bighorn River at Basin, Wyo. (site 52), 2 isolates were classified as human, 5 isolates as nonhuman, and 1 isolate as unknown. Using a confidence level of 90 percent for site 52, 1 isolate was classified as human, 3 isolates as nonhuman, and 4 isolates as unknown. Using a confidence level of 70 percent for Bitter Creek near Garland, Wyo. (site 71), 1 isolate was classified as human and 6 isolates as nonhuman. Using a confidence level of 90 percent for site 71, 1 isolate was classified as human, 4 isolates as nonhuman, and 2 isolates as unknown. These data indicate that both human and nonhuman sources contribute E. coli to the Bighorn River and Bitter Creek, and a higher percentage of the known isolates are from nonhuman sources. Whether the nonhuman sources are pets, agricultural animals, or wildlife was not determined for this study. 
SUMMARY
A synoptic study of fecal-indicator bacteria was conducted during June and July 2000 in the Wind River, Bighorn River, and Goose Creek Basins in Wyoming as part of the U.S. Geological Survey's National WaterQuality Assessment Program for the Yellowstone River Basin. Twenty-three sites were in the Wind River Basin, 53 sites were in the Bighorn River Basin, and 24 sites were in the Goose Creek Basin. Samples were collected in the summer when human exposure to pathogens through recreational contact with water typically is the highest. Fecal-coliform concentrations for 100 samples ranged from 2 to 3,000 col/100 mL (colonies per 100 milliliters). Escherichia coli (E. coli) concentrations for 97 samples ranged from 1 to 2,800 col/100 mL.
Fecal-indicator-bacteria concentrations varied significantly by basin. Samples from the Bighorn River Basin had the highest median concentrations for fecal coliform of 340 col/100 mL and for E. coli of 300 col/100 mL. Samples from the Goose Creek Basin had median concentrations for fecal coliform of 330 col/100 mL and for E. coli of 200 col/100 mL. Samples from the Wind River Basin had the lowest median concentrations for fecal coliform of 50 col/100 mL and for E. coli of 62 col/100 mL. The lower concentrations in the Wind River Basin were not directly related to the population densities of livestock and humans in the basins.
The Bighorn River Basin had the highest percentage of samples (49.1 percent) with fecal-coliform concentrations higher than EPA's recommended limit for a single sample for recreational contact with water of 400 col/100 mL. Concentrations of fecal coliform in the Goose Creek Basin exceeded the recommended limit in 37.5 percent of the samples. Concentrations of fecal coliform in the Wind River Basin exceeded the recommended limit in 8.7 percent of the samples. In the Bighorn River Basin, 50.9 percent of the samples for E. coli exceeded the EPA recommended limit for a single sample for moderate use, full-body recreational contact of 298 col/100 mL, compared to 33.3 percent in the Goose Creek Basin and 13.0 percent in the Wind River Basin. In the Bighorn River Basin, 37.7 percent of the samples of E. coli exceeded the EPA recommended limit for infrequent use, full-body recreational contact of 576 col/100 mL, compared to 14.3 percent in the Goose Creek Basin and 4.3 percent in the Wind River Basin.
The distribution of fecal-indicator-bacteria concentrations by land cover was determined relative to the dominant land cover 500 meters upstream of each sample site. The highest median concentrations for fecal coliform of 540 col/100 mL and for E. coli of 420 col/100 mL were for samples from sites with an urban land cover. The maximum concentrations for fecal coliform of 3,000 col/100 mL and for E. coli of 2,800 col/100 mL were in samples from sites with an agricultural land cover. The lowest median concentrations for fecal coliform of 130 col/100 mL and for E. coli of 67 col/100 mL were for samples from sites with a forested land cover. Although the median concentrations for sites with the forested and rangeland land cover were 2 to 3 times lower than the median concentrations for sites with agricultural and urban land covers, the results of a Kruskal-Wallis test indicated the fecalindicator-bacteria concentrations were not statistically different between land covers.
Relations between fecal coliform and E. coli for the Wind River, Bighorn River, and Goose Creek Basins were strong and positive. Spearman's Rho was 0.938 in the Wind River Basin, 0.981 in the Bighorn River Basin, and 0.961 in the Goose Creek Basin. These results indicate that the distribution of fecal coliform and E. coli in Wyoming streams is comparable and historical fecalcoliform data generally will be a useful indicator of E. coli presence when the State of Wyoming transitions to using E. coli for water-quality criteria in 2003.
Fecal-indicator bacteria were not corelated with the field constituents of streamflow, pH, specific conductance, dissolved oxygen, water temperature, and alkalinity. Fecal-indicator bacteria were moderately correlated with turbidity (Spearman's Rho values of 0.662 and 0.640 for fecal coliform and E. coli, respectively) and sediment (Spearman's Rho values of 0.628 and 0.636 for fecal coliform and E. coli, respectively).
A microbial source-tracking method was tested as part of the synoptic study. E. coli isolates in samples from the Bighorn River at Basin, Wyo. and Bitter Creek near Garland, Wyo. were analyzed using discriminant analysis of ribotype patterns. Using a confidence level of 90 percent for the Bighorn River at Basin, Wyo., 1 isolate was classified as human, 3 isolates as nonhuman, and 4 isolates as unknown. Using a confidence level of 90 percent for Bitter Creek near Garland, Wyo., 1 isolate was classified as human, 4 isolates as nonhuman, and 2 isolates as unknown. These data indicate that human and nonhuman sources contribute E. coli to stream waters in both basins, and a higher percentage of the known isolates are from nonhuman sources.
